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Abstract—This paper presents a practical course
that introduces students to the development and con-
struction of a mobile robotic system. Using a wheeled
climbing robot for metallic walls as an example, the
course aims at teaching practical skills in engineering
as well as developing soft skills like project manage-
ment and teamwork. To increase motivation and allow
the construction of a working system in the limited
time available during one university term, the students
are provided with several pre-made components and
software tools and have to demonstrate the capabil-
ities of their robot in a competition against other
student groups. In the paper, the general structure of
the course is presented and the different deliverables
are detailed along with the supplied components. One
example design students came up with is presented
together with an evaluation of the learning effect that
was achieved.
Index Terms—Student Education, Robotic Toolkit,
Course Layout
I. INTRODUCTION
Apart from research, another important goal of an
university is student education. A lab course offered
for students in the area of robotics should not only
provide technical knowledge about robots, but should
also be fun to take and encourage students to continue
working in that area. The course presented here tries
to achieve both of these aims simultaneously. Its topic
is the construction of a mobile climbing robot, which
is attached to a vertical metallic wall using permanent
magnets. Being involved in all steps of this unusual
and challenging design task, the students are easily
motivated and not only train engineering skills like
hardware design or noise tolerant signal processing,
but also have the possibility to play around and
explore the area of robotics.
The course is structured in three main parts, in-
cluding a preparational phase, the main construction
and implementation phase and a competition. The
course outline is described in more detail in sec-
tion III-A. Because of the limited amount of time
available during one university term, the robot was
chosen to be wheel-driven. This type of robot can
be constructed and controlled faster than for example
a legged climbing machine. A typical application
for such a robot could be cleaning or painting wall
sections in an ofﬁce building. However, even with
this type of robot, the design of a complete system
from scratch is not feasible. Therefore, the students
are provided with several premade components and
use an existing software framework together with a
simulation environment, which will both be described
in more detail in section IV. Some results of the ﬁrst
time the course was given are summarized in section
V. The paper will concede with a discussion of the
learning effect that was achieved and an evaluation
of the beneﬁts and difﬁculties that are connected with
such a course.
II. RELATED WORK
Robots have been an interesting topic for educa-
tion for some time now, and commercial robots are
found in stores ever more frequently. An example
of a successful commercial robotic toolkit is the
LEGO Mindstorms[2] set, but several others (like the
’Fischertechnik’ series) do exist. One advantage of
these kits is the massive reduction of the amount
of low-level hardware work that needs to be done.
With the aid of these kits, even persons without any
background in mechanical or electrical engineering
can successfully design a functional robot. However,
the low complexity of these kits make them inter-
esting mainly for school or high-school education.
In [7], the outreach program BotBall is presented
which also uses a commercially available kit, but
focuses on an audience of mid to high-school pupils
and undergraduate students. A different approach for
university education is presented in [4]. This course
is designed for the education of students in electri-
cal engineering and therefore sets a priority on the
construction of robotic hardware instead of higher
level control software. The aspect of telematics and
teleoperation, missing in many other approaches, is
considered in [5] and aiming at planetary exploration
applications. An overview of different types of robots
that can be used for educational purposes is given in
[3], while [1] presents a non-commercial toolkit forone speciﬁc autonomous indoor wheel-driven robot,
focussing mainly on the low-level programming of
embedded systems.
III. COURSE OUTLINE
A. General Concept
The course presented here differs from the related
work presented in the last section in several aspects.
For one, it is geared towards master students in
computer science and thus sets a priority on the de-
velopment of ’intelligent’ information procesing algo-
rithms (eg. good path planning, mapping etc.). These
algorithms cannot be run on most of the toolkits avail-
able in normal stores because of the little computing
resources these robots provide. Secondly, the course
also serves as training for the students who wish to
continue working in robotics. Therefore, the software
and hardware used is the same as is employed in
the bigger robots that are developed in our lab. This
way, students that complete the lab course are directly
familiar with all the tools they need to work on
the ’real’ robots. The beneﬁts of this approach are
twofold: The students do not need to tinker around
with toys that have very limited capabilities and are
only used to demonstrate basic approaches, and the
group gets students that do not need a long learning
time before becoming productive. However, a course
that achieves both good training of the students and
leads to the construction of a complete robot needs
to be timed carefully, otherwise it will easily break
the available time frame. This problem is addressed
in the following section.
B. Organization and Timeline
The total time available for the course is deter-
mined by the length of one unversity term and sums
up to 19 weeks, with students working one full day
per week on the term project. At the beginning of the
course, groups of 6 participants each are formed. One
project manager is elected, who acts as spokesperson
for the group and is in charge of organizing group
meetings, deﬁning milestones and meeting deadlines.
He or she is also responsible for enforcing a coding
standard and the use of a version control system.
Obligatory group meetings take place on a weekly
schedule, helping to detect both technical and per-
sonal problems within the team[4]. As mentioned in
the introduction, the course is split into three parts,
which will now be described in detail.
The ﬁrst part is an introduction to the software
framework and some of the supplied hardware com-
ponents such as sensors and motor electronics. It
consists of ﬁve small assignments with the following
topics:
1) Software Environment: Introduction to the soft-
ware framework
2) High Level Software: Programming and simu-
lation of a path planning algorithm
3) Low Level Software: Motor control with a
CPLD
4) Actor Control: Development of a simple control
program for a differential drive
5) Sensor Control: Distance Measurement with
infrared Sensors
Each assignment has to be ﬁnished within one week
and presented to the teaching assistant along with
a code inspection. This way, the assistant gets a
good feeling for the strengths and weaknesses of
each group and students do not pick up a wrong
programming style. The assignments were chosen so
that all of the produced code can be reused as a basic
frame for the real robot, which saves time in the
later part of the course. In addition, the assignments
give group members the opportunity to estimate their
competence in the various aspects adressed, and allow
them to choose a suitable area of work for the
follwing part of the course.
In this second phase, the actual construction and
programming of the climbing robot is to be done.
The formation of 2-person subgroups is encouraged,
which forces students to specify interfaces between
different aspects of the robot and overall leads to a
clearer and more explicit design. For testing purposes,
the students are given access to a metallic wall that
the robot should be working on later. The tasks
that the completed climbing robot should be able to
accomplish are presented to the students. These tasks
consist of three different application scenarios with
increasing difﬁculty. In the ﬁrst scenario, the robots
task is to completely cover a rectangular area with
known dimensions and no obstacles. Additionally, the
used algorithm should guarantee that no area is passed
twice. This navigation strategy is easy to motivate
and could for example used by a wall painting robot.
The second scenario adds a forbidden area, a region
whose position and size is known a priori and which
must not be crossed by the robot.
Fig. 1. The most difﬁcult application scenario. The wall area is
known, but the obstacle positions are not.
This situation could occur for example when the
robot needs to avoid door or window openings. Inthe last scenario (see ﬁg 1), the area to be covered is
not known beforehand. This implies that the robots
needs to explore the environment using its sensors.
Some sort of path planning algorithm needs to be
implemented in a way such that the generated path
covers as many free regions as possible while avoid-
ing obstacles and double crossings.
There are no restrictions placed on the algorithms
used or construction details of the robots, as long
as it is able to complete the scenarios. This ap-
proach requires that the students go through a detailed
speciﬁcation phase and encourages them to use their
own creativity. During the second part of the course,
there are no deliverables or deadlines imposed on the
students – it’s their own responsibility to organize
their time and working force. Of course, the teaching
assistants are available during lab hours to answer
questions and give technical advice. In addition to
the application scenarios, each team is supplied with
several components (motor units, sensors, wheels
etc.) that will be described in more detail in the next
section.
The last stage of the course consists of a ﬁnal
presentation, a written report and a practical demon-
stration of the robot. The main attraction of this part
however, is a competition between different student
groups. Each group has to present the abilities of their
robot regarding to the following aspects:
 Speed (total time needed to complete a scenario)
 Efﬁciency (ratio between length of driven path
and minimal possible pathlength)
 Robustness (error correction abilities, self-dia-
gnosis, etc.)
 Style (fancy add-ons, special features, etc.)
The contest mainly serves as an additional motivation
factor to the students, but also helps to grade the
groups.
IV. AVAILABLE RESOURCES
To speed up the construction process and allow
students of computer science to build a complete
robot, each group of students is provided with a
set of hardware components as well as a software
framework and a primitive robot simulation.
Fig. 2. Basic structure of a MCA module
A. Software
The software framework used is called Modular
Controller Architecture 2 (MCA2)[6] and is available
at SourceForge as an ongoing open-source project
for both linux and windows. As indicated by the
name, the frameworks focuses on modularity, which
means that each logical part of the robot functionality
is encapsulated in a so-called module. Each module
is connected to other modules via four standard-
zied interfaces that represent both sensor data and
control ﬂow (see ﬁg. 2). For hierarchical designs,
the combination of several modules into groups is
possible. Thanks to the modular approach, the inputs
and outputs of each component are clearly deﬁned
and parts of MCA can easily be reused in different
projects. For the practical course, basic functionalities
like calculating motor speeds for a differential drive
are supplied to the student groups in the form of
simple modules. Starting from this, the complete
robot control software can be implemented relatively
fast. As an example of this design method, a complete
motor control group written by students is shown in
Fig. 8.
B. Simulation
A basic simulation of a two-wheeled robot is
provided in MCA to allow the students to work on the
control software and the hardware setup of the robot
simultaneously. This simulation does include realistic
motor behaviour and odometry processing, but no
other sensors, maps of the environment or higher
level functions. Using and enhancing this simulation,
software subgroups are able to implement behavioural
algorithms for the climbing robot while the hardware
itself is being constructed by the hardware subgroups.
This co-design approach speeds up the whole process
signiﬁcantly and was vital for keeping the course
timeline. Fig. 3 shows visual output of the simulation
that was generated during the development of a path
planning algorithm for known obstacles.
Fig. 3. Simulation of the climbing robot driving around a known
obstacle. The marked area has been crossed by the robot.(a) Actuators and Magnets (b) Sensors (c) Controller
Fig. 4. The hardware components given to the students.
C. Hardware
The hardware components made available to the
students can be divided into the categories of actua-
tors, sensors and controllers. To actuate the climbing
robot, the students are given two motors (available
from Faulhaber, Germany) combined with a gear box
and conventional inline skate wheels. The motors are
ﬁtted with encoders that generate 512 impulses per
motor axis turn, allowing an accurate measurement
of the wheel’s rotation. They also come with a gear
of ratio 26 to 1, while the gear box ratio is 14 to 1.
These two gears combined allow the robot to generate
a force of 40N along the wall, which is enough to
scale vertical walls easily. For adhesion, permanent
magnets (available from Schramberg, Germany) are
used, both for ease of use and energy efﬁciency. The
model chosen here is able to generate a force of 450N
on contact with a metallic wall; this force drops to
20% with an air gap of 1 mm and below 10% over 2
mm. This indicates that the distances of the magnets
to the wall need to be carefully adjusted (Fig. 9). Four
of these magnets are handed out to each group (see
Fig. 4(a)).
The sensors provided to the students are Sharp
infrared sensors with a range of 10-80 mm, an ac-
celeration sensor with two measurement directions
(available from Analog Devices) and a bumper (Fig.
4(b)).
All of the sensors can be directly connected to the
controller board, which is under constant develop-
ment in the robotics lab at Kaiserslautern and uses
a Motorola DSP 564803 connected with a CPLD
for routing. Each controller board has three slots
available, where various interface modules can be
plugged in. For the climbing robots, two DC Motor
Control modules and a multi-io port were used to
connect all of the components (Fig. 4(c)).
V. RESULTS
A. Learning Effects
The practical course has been offered twice in 2004
at the University of Kaiserslautern and has been taken
by three groups of students (20 students in total) each.
All of them have succeeded in designing and building
a robot that moves along vertical walls in the robotics
lab.
After the initial speciﬁcation of the robot, the
prototypical implementation of the basic algorithms
in the MCA-simulation took place together with the
setup of the real hardware. As soon as the ﬁrst
test runs were performed, several unexpected effects
occured, such as wall bending caused by the magnets,
unequal drift of the wheels for different driving
directions etc. The groups had to react to these effects
by redesigning the robots (for example devising new
positions for the magnets and reinforcing the robot
frame) and the navigational strategies. This way,
the complex interaction between software, hardware
and the application scenario became obvious. The
learning effect achieved by the lab was substantial.
In spite of the problems encoutered, the students
were highly motivated throughout the course, spend-
ing a lot of time on developing and optimizing their
part and helping out other students when needed.
B. Technical Details
In order to give an impression of the quality
achieved with the course layout that was presented
earlier, this section will provide some technical details
of one robot that was constructed by students. Figure
5 shows the mechanical setup of this robot, which was
named ’magneto’ for obvious reasons. The following
paragraphs describe the aspects of it’s hardware and
software construction.
The four permanent magnets that were available are
placed in a row along the wheel axis (see Fig. 5(b)),
while the front and back of the circular robot structure
is stabilized by ﬂexible pieces of rubber. This layout
is the result of two design iterations and has two
main beneﬁts. Firstly, the round form of the wooden
robot frame allows turning in all situations (even in
corners), while the linear setup of the magnets allows
the robot to skip over smaller cracks without affecting
the air gap between magnets and the wall more than
absolutely neccessary. Four infrared sensors measure
obstacle distances to the robot, with two placed in
forward direction and the other two facing sideways.(a) Frontal View (b) Bottom View
Fig. 5. A climbing robot designed and constructed by students.
The developed software focuses on the localization
of the robot in known environments and the correction
of odometry errors using the infrared sensors. The
student group has chosen not to consider the third
application scenario which encompasses obstacles at
unknown locations, but rather provide a good solu-
tion for the ﬁrst two scenarios. This decision was
motivated by the fact that the sensors could only
be successfully read out with a newer version of
the controller board, that was only available late in
the course. The correction mechanism uses a global
map and a sensor simulation. Whenever the simulated
distance sensor values at the estimated position do not
match the measured sensor data, a corrective term is
added to the position estimate to reduce the observed
error. Within a few iterations of this procedure, the
position error of the robot is minimized and a correct
localisation achieved. Using this localization ability,
a spiral trajectory is driven along the wall which
covers the whole accessible area, minimizes error
prone rotation movements and allows the robot to
avoid a potential forbidden region in the middle of
the wall. Fig. 6 shows a visualization of the robots
estimated position before and after pose correction.
VI. CONCLUSION
In this paper, a lab was presented that gives an
introduction to the development of service robots,
combining education in both technical and ’soft’-
skills with the fun and motivating topic of actually
designing a working climbing robot. Although the
previous knowledge of many students was limited,
the designed prototypes all were of high quality.
This was made possible through the use of pre-made
components and a co-design approach for soft- and
hardware simultaneously, which left enough time for
several redesigns. This course also shows that the
construction of a climbing robot is possible given
the limited time frame of one term. The presented
hardware components can all be reused for other
projects, which makes the cost of the components less
important. They are also versatile enough to be used
in a practical course with a different topic, such as a
course focusing on fork-lift robots, which is prepared
at the moment. Fig. 7 shows a preliminary CAD-
Drawing.
Possible future work includes adding a power
supply and a small pc-on-a-chip systen to make the
robot fully autonomous and the inclusion of effectors
(like a liftable sponge for the climbing robot). Also,
the addition of a cheap camera to perform image
processing will be considered.
Fig. 7. CAD-Drawing of a fork-lift robot constructed using the
hardware toolkit.
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